The prevalence of obesity in modern societies has two major contributory factors-an environmental change that has happened in historical times and a genetic predisposition that has its origins in our evolutionary history. Understanding both aspects is complex. From an evolutionary perspective, three different types of explanation have been proposed. The first is that obesity was once adaptive and enabled us to survive (or sustain fecundity) through periods of famine. People carrying so-called thrifty genes that enabled the efficient storage of energy as fat between famines would be at a selective advantage. In the modern world, however, people who have inherited these genes deposit fat in preparation for a famine that never comes, and the result is widespread obesity. The key problem with this, and any other adaptive scenario, is to understand why, if obesity was historically so advantageous, many people did not inherit these thrifty genes and in modern society are able to remain slim, despite the environmental change favoring fat storage. The second type of explanation is that obesity is not adaptive and may never even have existed in our evolutionary past, but it is favored today as a maladaptive by-product of positive selection on some other trait. An example of this type of explanation is the suggestion that obesity results from variation in brown adipose tissue thermogenesis. Finally, a third class of explanation is that most mutations in the genes that predispose us to obesity are neutral and have been drifting over evolutionary time-so-called drifty genes, leading some individuals to be obesity prone and others obesity resistant. In this article, I review the current evidence for and against these three different scenarios and conclude that the thrifty gene hypothesis is untenable but the other two ideas may provide a cogent explanation of the modern obesity phenomenon.
INTRODUCTION
The world is presently in the middle of an obesity pandemic. Over the past 50 years a progressive rise in the prevalence of obesity, which started in the Western world (60, 61, 128) , has spread to developing countries (139, 193) , until now the only places immune from the epidemic are a few areas in sub-Saharan Africa (19) . It has been argued that this change in the mean body weight of individuals over such a short timescale cannot have as its root cause a shift in the genetic make up of the populations involved and must therefore reflect a change in the environment. This is not strictly true because large shifts in genetic structure over short time periods can be generated by processes such as assortative mating (5, 76) . Nevertheless, assortative mating for obesity (5, 76, 84, 155, 164) has likely contributed in only a minor way to the current epidemic (164) . Most of the recent changes must therefore be driven by environmental factors. Yet, even among the most obese nations on earth, there remain individuals who are lean (e.g., 60, 128) . These individual differences in a common environment are mostly reflective of genetic factors (4, 67, 154) , as is evidenced by studies of mono-and dizygotic twins and of monozygotic twins raised in separate environments. Overall, then, the epidemic is a consequence of a gene-by-environment interaction (102, 158, 168 ; for similar discussion regarding diabetes, see also 62). Some people have a genetic predisposition to deposit fat, reflecting their evolutionary history, which results in obesity when expressed in the modern environment.
Obesity would not be such a major issue if it did not lead to elevated risks for the development of several serious health conditions (202) . These include insulin resistance, type 2 diabetes mellitus (16, 30, 34) , hypertension and cardiovascular disease (85) , fatty liver disease (21, 152) , and some types of cancer (23) . In other words, obesity is a predisposing factor for the major noncommunicable diseases that form the dominant health burden on developed and developing nations. For sure, being obese does not inevitably lead to development of these diseases, and some people appear able to be both fat and healthy (15, 87, 156, 176) . They are, however, a minority. The fact that a large contribution to the causality of obesity is genetic, yet obesity leads to an increase in the risk of developing these serious diseases, creates an apparent paradox. The theory of evolution suggests that natural selection will favor individuals who exhibit phenotypic traits that lead to increases in fitness (survival or fecundity). How, then, is it possible for natural selection to have favored the spread of genes that predispose us to become obese-a phenotype that appears to generate negative consequences in terms of survival? Moreover, obese people also suffer reduced fecundity (208) , compounding the apparent problem. How did the predisposition to obesity evolve? What key events in our evolutionary history led us to the current situation?
Attempts to explain this conundrum can be broadly divided into three different types. First, there is the adaptive viewpoint. This suggests that obesity was adaptive in the past, but in the changed environment of the modern world the positive consequences of being obese have been replaced by negative impacts. Probably the most popular of the adaptive interpretations of obesity is the thrifty gene hypothesis (125) . Second, there is the maladaptive viewpoint. This suggests that obesity has never been advantageous and that historically people were never obese, except perhaps in some rare genetic cases. However, the propensity to become obese that is expressed in modern societies is a consequence of positive selection on some other advantageous trait. An example of this type of explanation is the suggestion that variation in brown adipose tissue thermogenesis causes obesity (80, 150) . Finally, there is the neutral viewpoint. This suggests that obesity has not been subject to strong selection in the past but rather the genetic predisposition has arisen by neutral evolutionary processes such as genetic drift. The drifty gene hypothesis (162) is an example of such an explanation. In the current article I review these three different views of the evolutionary context of the obesity epidemic, focusing on the currently available evidence that supports or refutes the different ideas.
THE ADAPTIVE VIEWPOINT
The adaptive viewpoint is that during our evolutionary history, accumulation of fat tissue provided a fitness advantage and was therefore positively selected by natural selection. This positive selection is suggested to be why some individuals have a predisposition to become obese. It is suggested that it is only in modern society that this predisposition becomes disadvantageous. Humans are not the only animals to become obese. There are several other groups of mammals and birds that in certain circumstances deposit large amounts of body fat at levels that would be considered equivalent to obesity in humans. Two examples are the deposition of fat in hibernating animals prior to the winter (e.g., 17, 97, 99, 114, 171, 194) and the deposition of fat in migrating birds prior to, or at stopover sites during, migration (91, 121, 122, 148) . Several other animals show profound cycles in fat in relation to the annual photoperiod cycle even though they do not engage in migration or hibernation-including, for example, voles (95, 96, 105) and hamsters (10, 192) . These animal examples of obesity have in common the fact that deposition of fat is a preparatory response for a future shortfall in energy supply or an increase in demand-such as breeding. The hibernating animal will be unable to feed during winter, and the migrating animal will have no access to food when crossing barriers such as large deserts or oceans. Perhaps, then, human obesity in our past served the function of also preparing us for periods of energy shortfall.
Of course, humans do not hibernate or migrate on a seasonal basis, but one conspicuous thing humans must often deal with is periods of famine. Records of famine stretch back almost as long as people have been able to write, and it is clear that they have been a pervasive feature of human history for at least 5,000 years (47, 73, 116) . The argument was therefore made that human obesity in our ancient past probably served the function of facilitating survival through the common periods of famine (125) . This, it is argued, would have provided a strong selection on genes that favored the deposition of fat during periods between famines. Individuals with alleles of these genes that favored efficient fat deposition would then survive subsequent famines, whereas those individuals with alleles that were inefficient would not survive (125) (Figure 1a) . Because it was suggested that the deposition of fat would reflect an efficient or thrifty metabolism, the genes involved were coined thrifty genes.
When humans experienced periodic famine, thrifty alleles were advantageous. Individuals carrying the thrifty alleles would become fat during the periods between famines, and this fat would allow them to survive the famine and pass their versions of the thrifty genes to their offspring, who would then also have a survival advantage in subsequent famines. In contrast, individuals not carrying such alleles would not prepare for the next famine by depositing as much fat and would perish along with their unthrifty alleles (Figure 1a) . Because food supplies were probably always low, even between famines, the levels of obesity attained, even in those individuals who carried the thrifty alleles, were probably quite modest, and individuals never became fat enough to experience the detrimental impacts of obesity on health. What changed in the period following the Second World War was that the food supply in Europe and North America increased dramatically due to enormous growth in agricultural production fueled by intensification and the use of pesticides. This elevation in food availability Diagram to illustrate the idea behind the thrifty gene hypothesis for the evolutionary predisposition to obesity. In our ancient past (a) it is assumed there were periodic famines. Between the famines, individuals would gain weight, but probably never enough to be classed as obese. Those with thrifty alleles (red line) would gain more weight than those not having such thrifty variants in their genes (blue line). During a famine, individuals would have to rely on their stored fat to survive. The individuals who had stored less fat would potentially hit the lower limit of fat storage necessary for survival and would die (arrow), whereas those with the thrifty genes would survive. Over progressive famines, purging the individuals without the thrifty genes would lead to selection for propensity to efficiently deposit fat. The consequence is that in modern society where there is no famine (b), individuals with thrifty genes selected by years of famine exposure (red lines) deposit fat in preparation for a famine that never comes, and the result is widespread obesity.
has gradually spread through the rest of the world. The consequence is that people in modern society who carry the thrifty alleles more efficiently eat the abundant food and deposit enormous amounts of fat in preparation for a famine that never comes. In this way the alleles that were once advantageous have been "rendered detrimental by progress" (125) . This idea, first published by Neel 50 years ago (more in the context of selection for genes predisposing to diabetes than obesity-genes that he presumed underlie the efficiency of fat storage), has been reiterated in various guises ever since (24, 29, 45, 46, 100, 101, 136-138, 140, 142, 196, 198) . Although some studies have corrupted the concept completely (104) , most of these subsequent reincarnations of the original idea preserve the fundamental aspect that famine is the key factor driving selection of the thrifty genes that predispose us to weight gain and diabetes. These treatments also largely agree on some fundamental details. First, famines are frequent. Estimates vary, but values of once every 10 years or so are often cited (88) . Second, famines cause massive mortality (figures of 15% to 30% mortality are commonly quoted). However, they differ from each other in some important respects. In part, these refinements have come about to overcome criticisms leveled at the original hypothesis. One area of discrepancy is how far back in our history it is assumed that humans have been exposed to periodic famine. Some authors have suggested that famine has been an ever-present feature of our evolutionary history (29, 137) , stretching back to our Australopithecine and Paranthropine ancestors 4 to 6 million years ago (mya). However, there is a problem with this suggestion: If the thrifty alleles provide a strong selective advantage to survive famines, and famines have been with us for this period of time, then these alleles would have spread to fixation in the entire population (159) (160) (161) . We would all have the thrifty alleles, and in modern society we would all be obese. Yet clearly we are not. Even in the most obese societies on earth, like the United States, there remain a number of individuals, comprising about 20% of the population, who are stubbornly lean (60, 128) . If famine provided a strong selective force for the spread of thrifty alleles, it is pertinent to ask how so many people managed to avoid inheriting these alleles (159) (160) (161) (162) .
This problem with the ever-present idea has been elaborated in a more quantitative manner. Although the thrifty gene papers often suggest that famines occur about once per decade, this is based on the estimate from Keys and colleagues (88), which related not to famines but rather to crises of food security. These crises lead to food shortages and hunger (which was Keys's main interest) but generally do not lead to significant mortality. Since the selection of thrifty genes depends on mortality differences between the lean and obese, food crises without mortality are irrelevant. A better estimate of the rate at which populations succumb to famines that cause widespread mortality is about once every 150 years (160). If we assume that rate has been constant throughout human history and if a thrifty allele existed that promoted greater fat storage such that individuals carrying two versions of that allele survived 3% better, and those carrying one version would survive 1.5% better, then a random mutation to create the thrifty allele would spread from being in just one individual to the entire population of the ancient world in about 600 famine events (i.e., about 90,000 years). Ninety thousand years is about one five-hundredth of the period since Australopithecus. Any mutation that produced a thrifty allele within the first 99.8% of hominin history with this effect on mortality would therefore have gone to fixation. We would all have inherited these alleles, and we would all be obese (160, 161) .
This also reveals a large difference between the "obesity" phenomena observed in animals and the obesity epidemic in humans. In animals, when a species prepares for hibernation or for migration, the entire population becomes obese. The reasons are clear (169) . If a migrating bird doesn't deposit enough fat for the journey before it migrates across an area of ocean, it plunges into the ocean short of its destination, and the genes that caused it not to deposit enough fat are purged from the population. Selection is intense, and consequently all the animals become obese. If the same intense selection processes had operated in humans, then we too would all become obese when the environmental conditions proved favorable for us to do so. Moreover, if the thrifty gene idea is correct, it would be predicted that between famines modern hunter-gatherer populations should become obese. However, observations of such populations indicate that between famines they remain very lean (160, 161) .
Another school of thought, however, is that famine has not been a pervasive feature of our entire history but rather is a phenomenon linked to the development of agriculture (140) . Hence the observation that modern hunter-gatherers do not become obese between famines would be interpreted as a consequence of the fact that these groups did not develop agriculture and hence have not been subjected to selection for the thrifty alleles that drive obesity. Indeed, before the mathematical consequences of ever-present famine were elaborated, Benyshek & Watson (12) questioned the idea that famine had been an ever-present force imposing selection on hominins. Hunter-gatherer lifestyles are actually resilient to food shortages because individuals can be mobile, and when food becomes short in one area they can seek it elsewhere or modify their diet to exploit whatever is abundant. In contrast, agricultural-based societies are dependent on fixed crops, and if these fail (for example, due to adverse weather conditions), the food supply can immediately become an issue, although small local failures can also be ameliorated to an extent by resorting to wild foods. Because mutations happening in the past 12,000 years would not have had a chance to spread through the entire population, this shorter timescale for the process of selection might then explain why in modern society some of us become obese but others remain lean and why hunter-gatherers are always lean.
The problem with this scenario, however, is the opposite of the problem with the everpresent idea. Humans developed agriculture only within the past 12,000 years or so (40) ; at a rate of one famine event every 150 years, this would result in only about 80 famine events with significant mortality. To be selected, a mutation causing a thrifty allele would consequently have to provide an enormous survival advantage to generate the current prevalence of obesity and overweight. Calculations suggest the per-allele survival benefit would need to be around 10%. Although it is often suggested that mortality in famines is very high, and therefore a per-allele mortality effect of this magnitude could be considered theoretically feasible, such large mortality effects of famines are generally confounded by the problem of emigration, and true mortality is probably considerably lower. An additional problem is that for a mutation to be selected, all of this mortality would need to depend on differences in fat content attributable to a single genetic mutation. This also makes the critical assumption that the reason people die in famines is because they starve to death, and thus individuals with greater fat reserves would on average be expected to survive longer than individuals with lower fat reserves. Although there are reports of some famines where it is clear that starvation has been the major cause of death (e.g., 81, 82), for most famines this is not the case, and the major causes of death are generally disease related (1, 73, 120, 185) . This doesn't necessarily completely refute the idea that body fatness is a key factor influencing famine survival. Individuals having compromised immune systems probably contributed to the spread of disease among famine victims (110, 115) . A key player in the relationship between energy status and immune status is leptin (50) . Low levels of leptin may underpin the immunodeficiency of malnutrition. Because circulating leptin levels are directly related to adipose tissue stores, it is conceivable that leaner people would have more compromised immune systems and hence would be more susceptible to disease during famines.
One way to evaluate the role of body fatness in famine survival is to look at patterns of famine mortality with respect to major demographic variables such as age and sex and compare these to the expectation based on known effects of sex and age on body fat storage and utilization. Females have greater body fat stores and lower metabolic rates compared with men of equivalent body weight and stature. In theory, therefore, females should survive famines longer than males if body fatness plays a major role in survival (77, 112) . With respect to age, older individuals have a declining metabolic rate, but they tend to preserve their fat stores until they are quite old (172) . Consequently, older individuals would be expected to survive famines longer than younger adults if body fatness was the overriding consideration (163) . Patterns of mortality during actual famines suggest that males have higher mortality than females (112) . However, with respect to age, the highest mortality usually occurs among the very young (less than 5 years of age, including elevated fetal losses) and elderly (increasing probability of mortality with age from the age of about 40 onward) (22, 73, 119, 153, 195) . Clearly, the age-related pattern of mortality in adults is the opposite of that predicted if body fatness is the most important consideration. However, the impact of sex is in agreement with the theoretical expectation. Despite this apparent correspondence, in many famines the magnitude of the female mortality advantage massively exceeds the expectation from body fatness differences (163) . Yet in other famines there is no female mortality advantage at all. This points to famine mortality being a far more complex phenomenon than simple reserve exhaustion. For instance, with respect to age, older individuals who have passed reproductive age may sacrifice themselves to provide food to enable survival of their offspring. Or they may succumb to diseases more rapidly because of an age-related decline in immune function. The exaggerated effect of sex may be similarly explained by social factors: Females, for example, may exchange sex for extra food or may have more access to food because they do more of the family cooking-the "proximity to the pot" phenomenon (112) . Overall, the data on causes of mortality during famine point to an extremely complex picture, where differences in body fatness probably play a relatively minor role in defining who lives and who dies.
Prentice et al. (140) recognized the problem with the suggestion that selection for genes that cause obesity has been in force only for the past 12,000 years, and they suggested that the impact of body fatness during famines on fitness is not on survival probability but rather mostly on fertility. There is strong support for this suggestion (e.g., 147). Considerable evidence indicates that fertility was reduced for many famines. During the Dutch Hunger Winter, for example, when Nazi Germany imposed a blockade on some areas of the Netherlands, there was a clear reduction in the number of births from the affected regions that could be identified in enrollments to the army 18 years later, whereas adjacent regions that were not blockaded and did not suffer famine showed no such reduction (Figure 2 ). The effect was profound, with a decline during the famine amounting to almost 50%. Tracing back the exact time that effects were manifest suggests that the major impact was on whether females became pregnant or not rather than an impact on fetal or infant mortality rates (177, 178) .
Unlike the effect of fatness on mortality, there is also good reason to anticipate that differences in fertility would be strongly linked to differences in body fatness. This is because we know from eating disorders such as anorexia nervosa that individuals with chronically low body fat stop menstruating and become functionally infertile. Leptin appears to be a key molecule involved in the association between body fatness and reproductive capability (3). Amenorrhea is related to circulating leptin levels (92) , and replenishing leptin in amenorrheic subjects with chronically low body weight restores many features of normal reproductive function (199) . This effect is not restricted to only females. Both male and female ob/ob mice that cannot produce functional leptin are sterile, a phenotype that can be reversed by administration of leptin in both sexes (for research on females, see 31; males, 123). Note, however, that leptin is also responsive to chronic food Year and month of birth 
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Figure 2
The impact of the Dutch Hunger Winter on numbers of people inducted into the army 18 years later. Numbers are shown for two regions (black, affected by the famine; blue, unaffected) and for manual laborers (solid line) and nonmanual laborers (dashed lines). There is a clear drop in the numbers inducted that corresponds to a reduction in conception rates during the famine. The effect was independent of the type of work performed and was not observed in the area where there was no famine. The famine seemed to have little impact on fetal mortality rates. However, immediately after the famine ended there was a large increase in the numbers of births, which offset the reduced conception rates during the preceding famine (from 178).
shortage as well as body composition (197) , and there is a school of thought that amenorrhea in anorexia nervosa is not due to low body fatness but rather to low food intake. If this is the case, then lowered fertility need not necessarily be restricted to lean individuals. (Note that this argument may also apply to the link between fat stores and immune status elaborated above.) Moreover, another argument why reduced fertility is unlikely to be a major selective force during famines is that following famines, there is usually a compensatory boom in fertility that offsets any reduction during the famine years (Figure 2) . Individuals who fail to get pregnant during famines (for whatever reason-be it fat or intake related) tend to become immediately pregnant once the famine is over. Thus, if one looks at the period including only the famine years, then fertility seems to have a major impact on demography (and hence selection), but expanding the period to include the famine and the postfamine period reveals that the net impact of altered fertility on demographics (and hence selection) is negligible and certainly insufficient to provide the selective advantage necessary to select genes for obesity over the period since humans invented agriculture. These arguments about selection on genes favoring obesity were made in the absence of information about the key polymorphic loci that cause obesity or the magnitude of their effects on fat storage. In this information vacuum it was viable to assert that genes might exist that have a massive effect on fat storage and hence famine survival or fertility. This is because following the discovery of leptin (210) and the incredible advances in our understanding of how leptin acts in the brain to regulate food intake (9, 151) , the prevailing view was that mutations in a relatively small number of genes in this signaling pathway might underpin the genetic susceptibility to obesity. This view was reinforced by the discovery that some individuals had mutations in this pathway and were indeed enormously obese (51-55, 130, 131) . This viewpoint changed with the advent of genomewide association studies (GWAS), which identified the main genes where common polymorphisms lead to increased obesity risk (39) . Such studies have largely revolutionized our understanding of the genetics of obesity because (a) most of the main targets that were identified had nothing to do with the leptin signaling pathway (Table 1) , apart from targets close to the melanocortin 4 receptor gene (109) , and (b) their effect sizes were relatively small. At present we are aware of about 37 genes that have per-allele effect sizes between 1.5 kg and 100 g (129, 133, 174, 200, 203) (Table 1 ). The effects of these single-nucleotide polymorphisms (SNPs) appear to be independent and additive (174) . On this basis, it has been speculated that the genetic architecture of obesity may actually involve hundreds or even thousands of genes, each with a vanishingly small effect (75) . We should not be surprised by this genetic architecture of the obesity epidemic because it is the genetic structure for complex traits predicted almost 100 years ago in the infinitesimal model proposed by Fisher (59) . However, this reality about the architecture of the epidemic makes the proposed model by Prentice et al. (140) , in which selection on these genes has occurred only during famines over the past 12,000 years, completely untenable. Polymorphisms that cause differences of only 100 g in fat storage between individuals could not possibly underpin a 10% differential in survival or fecundity during famines.
Two direct pieces of evidence further undermine the suggestion that these polymorphisms have been selected only during the past 12,000 years. The first piece of evidence is that if selection were operating only over this timescale, we would expect that the prevalence of these genes would vary significantly between human populations in different parts of the globe because of their different exposure to famine over historical times. Yet a significant population-to-population variation in the first 13 identified obesity loci from GWAS, reflected in the parameter F st , has not been found (157) . Second, we would not expect to find these polymorphisms in material that predates the agricultural revolution, yet we know that at least some of the polymorphisms are present in our closest relatives (chimpanzee and gorilla) (157) . Together, these data strongly refute the "recent strong selection" version of the thrifty gene hypothesis. However, the genetic architecture of the epidemic and the observations of the characteristics of the identified genes from GWAS are more compatible with the ever-present selection hypothesis.
Setting aside the suggestion that famines are a phenomenon of the age of agriculture that did not affect hunter-gatherer populations (12, 140) , if periodic food crises sufficient to cause significant mortality have affected us throughout our evolutionary history, it is possible to imagine a scenario where genes of small effect might have such a slight impact on fat storage, and hence famine survival (or fecundity), that their spread in the population would be incredibly slow. Therefore, they might not progress to fixation over the duration of our evolutionary history, and we would be left today with the observed genetic architecture of many incompletely fixed genes of small effect. Speakman & Westerterp (173) evaluated this idea by first predicting the impact of such polymorphisms of small effect size on famine survival and then modeling the spread of such genes over the 4 million years of hominin evolution (assuming a 150-year frequency of famine-based selection). Using a mathematical model of body fat utilization under total starvation combined with estimates of energy demand across the lifespan (172), it was shown that genes that had a per-allele effect on fat storage of 80 g would cause a mortality difference of about 0.3%. That is 10 times lower than the assumed effect that had been previously used to model the spread of thrifty genes (160) . Despite this very low impact on famine survival, a mutation causing such a difference in fat storage would move to fixation in about 6,000 famine events (about 900,000 years). Thus the scenario of genetic polymorphisms moving slowly to fixation is correct, but it would imply that all the mutations identified as important in GWAS ( Table 1) had occurred in the past one million years or so, which we know is not correct. In addition, if the selection model is correct, we would anticipate, all else being equal, that genes with greater effect size would have greater prevalence, but that is not observed for the known GWAS of SNPs (173, using data from 174). Overall, available data do not support the idea that the genetic predisposition to obesity is adaptive and is due to selection in our evolutionary history that favored obese thrifty alleles because of elevated survival or fecundity of the obese during famines. Other adaptive scenarios could be envisioned, but a common problem faced by such explanations is the fact that even in the most obesogenic modern environments, many individuals do not become fat. Any adaptive scenario needs to explain this phenomenon. So far none has managed to do so.
THE MALADAPTIVE VIEWPOINT
The maladaptive viewpoint is that obesity has never been advantageous and may historically have never even existed except in some rare individuals with unusual genetic abnormalities-such as the monogenic forms of obesity (9, 131) . However, genes that ultimately predispose us to obesity become selected as a by-product of selection on some other trait that is advantageous. The best example of a maladaptive interpretation of obesity is the suggestion that it is caused by individual variability in the capacity of brown adipose tissue (BAT) to burn off excess caloric intake.
BAT is found uniquely in mammals. Its diagnostic feature is that the cells in BAT contain large multilocular lipid droplets and abundant mitochondria. These mitochondria have in their inner membranes a unique protein called uncoupling protein 1 (UCP-1). UCP-1 acts as a pore through which protons in the intermembrane space can move back into the mitochondrial matrix. However, unlike protons that move from the intermembrane space to the matrix via F 0 F 1 ATP synthase, the movement of protons via UCP-1 is not coupled to the formation of ATP. The chemiosmotic potential energy carried by the protons that make the journey via UCP-1 is therefore released directly as heat. This is the primary function of BAT-to generate heat that is used for thermoregulation. Unsurprisingly, given its primary function, BAT is found abundantly in small mammals and also in neonates of larger mammals, including humans. Moreover, its weight and the amount of UCP-1 it has, and hence its capacity to generate heat, vary in relation to thermoregulatory demands. During winter, in short photoperiods and lowered temperatures, the amount of BAT and UCP-1 increases (56, 57, 117, 149) . During summer, when it is warmer and photoperiods are longer, amounts of BAT and UCP-1 are lower (56, 118, 206) . BAT is also acutely responsive to situations where animals face problems dissipating heat, such as lactation (86, 166, 167) , during which its activity is decreased (94, 186) .
During the late 1970s it was suggested that BAT might have a secondary function: to "burn off" excess calorie consumption (80, 150) . This idea fell out of favor because it was commonly believed that adult humans do not have significant deposits of BAT that could act in this way. Where this belief came from is difficult to trace because evidence from the early 1990s fairly conclusively demonstrated that it was present in adults (65) , including autopsy identification of "human BAT" containing UCP-1 (93) . However, BAT was "unexpectedly" (re)discovered in adult humans in 2007 (124) , and since that time the idea that variability in BAT function might underpin susceptibility has gained momentum. This idea has been supported by a number of key observations, and foremost among these is that the abundance and activity of BAT appear to be inversely related to obesity (38, 190) ; that the level of BAT activity is proportional to basal metabolic rate (190) , which has been established to be a risk factor for development of obesity in some populations (145, 146, 182) ; and that there is an age-related reduction in BAT activity that correlates with the age-related increase in body fatness (38) .
The maladaptive scenario for the development of obesity is therefore as follows. Individuals are presumed to vary in their levels of BAT and in its capacity for thermogenesis as a result of their variation in evolutionary exposure to cold, which necessitated the use of BAT for its primary function of thermogenesis. Some individuals might have high levels of active BAT, whereas others might have lower levels either because their exposure to cold was lower or because they mitigated cold exposure by other mechanisms, such as development of clothing and the use of fire. Consequently, high levels of BAT would be one of a number of alternative adaptive strategies for thermoregulation. Diagram to illustrate why it might be necessary to have a mechanism such as brown adipose tissue thermogenesis to burn off excess energy intake rather than simply eating less food. In this model, it is assumed that food is eaten to provide two things: energy and a critical nutrient. In scenario A, the food is of good quality, and the lifestyle is active. Food is eaten to provide for the energy demands of the active lifestyle ( yellow bar), and the needs for the critical nutrient are exceeded by the intake of the good-quality diet ( green bar). In scenario B, there has been reduction in energy demands by conversion to an inactive lifestyle. In this situation, if individuals eat to satisfy their energy needs, they will have a shortfall in their nutrient intake relative to demands. If the individual in this situation were to eat to satisfy demand for the limiting nutrient rather than energy, then excess energy intake (orange bar) would need to be burned off (scenario C). A similar situation could occur if the lifestyle remained active but the quality of the diet changed (a higher ratio of energy to nutrient; scenario D). If individuals responded to this situation by eating to satisfy their nutrient demand, they would again have an excess intake that would need to be burned off (orange bar) (scenario E).
genetic predisposition to develop high and active levels of BAT, leading to individual variation in the ability to recruit BAT for its second function of burning off excess energy intake. A key issue is why individuals might have excessive intake of energy (Figure 3) . One potential explanation for this effect is that individuals may not only eat food to satisfy their needs for energy but also for some critical nutrient. When food is of high quality, it may be that by eating enough food to satisfy one's daily energy demands, the demands for the nutrient are always met. Any excess nutrient could be simply excreted to ensure that supply matches demand. Two scenarios might alter this situation. Energy demands might decline. This could, for example, be precipitated by an increase in sedentary behavior in modern society (33, 141) . If individuals continued to eat food to meet their energy demands, then they would reduce their intake, but this might mean their intake of the critical nutrient was below requirements, and they would be nutrient deficient (Figure 3, scenario B) . Direct measurements of energy demand in humans in both Europe and North America since the 1980s do not support the idea that activity energy demands have declined (201; see also 180). Nevertheless, another scenario is that the quality of the food might change, and the ratio of energy to the critical nutrient might increase. Again, if individuals continued to eat to meet their energy requirements, then intake of the nutrient would become deficient. In both of these scenarios, to avoid nutrient deficiency individuals might switch to consuming food to meet their demands for the nutrient rather than energy, and the result would be that their consumption of energy would then exceed their demands (Figure 3, scenarios C and E) . An example similar to this is known already in nature. Fruits that are consumed by fruit bats are known to have exceptionally low protein contents. It has been hypothesized that such low protein contents are a strategy by the plant producing the fruit to force the bats to overconsume energy, which might then obligate them to fly long distances to burn off this excess energy, thereby propagating the seeds of the fruit over greater distances (183) .
If humans do overconsume energy because of the requirement for a particular nutrient, then the ability to burn off the excess energy might depend on levels of BAT. Individuals with large BAT depots might burn off the excess and remain lean, whereas those with lower levels of BAT might be unable to burn off the excess consumption and become obese. By this scenario obesity is a maladaptive consequence of variation in adaptive selection on BAT capacity driven by its primary function for thermogenesis. The environmental trigger is the change in the energy-to-nutrient ratio in modern food that stimulates overconsumption of energy. There is no need by this viewpoint to infer that obesity has ever provided an advantage or even that we have in our history ever been fat.
If BAT is a key factor that influences the propensity to become fat when exposed to a diet that drives overconsumption of calories, then one would anticipate that knocking out the UCP-1 gene in mice would lead to obesity. Enerbäck et al. (49) knocked out UCP-1, but the result did not support the hypothesis because the mice did not become any more obese than wild-type mice when exposed to a high-fat diet. One potential issue with this experiment was that the genetic background of these mice was a mix of two strains, one of which was susceptible and the other not susceptible to weight gain when placed on a high-fat diet. The experiment was repeated but with the mice now backcrossed onto a pure C57BL/6 background (the strain that is susceptible to high-fat-dietinduced weight gain) (107) . The results however were completely unexpected: The mice lacking UCP-1 were actually more resistant to high-fat-diet-induced obesity than were the wild-type mice. This effect, however, was abolished when the mice were raised at 27
• C. This confusion was further compounded when the same mice were studied at 30
• C, at which temperature they became fat even on a chow diet, and this effect was multiplied with high-fat feeding (58) . So the impact of knocking out the UCP-1 gene ranges from being protective at 20
• C, to neutral at 27
• C, to highly susceptible at 30
• C. The temperature most equivalent to the situation in humans is unclear. Some have suggested the 30
• C data is most equivalent (25, 108, 132) , but others have suggested a temperature around 23
• C to 25 • C is most appropriate for comparisons of mice to humans (165) . Unfortunately, these extremes encompass nearly the full spectrum of the knockout (KO) effects.
The data for the UCP-1 KO mouse raise some interesting questions about the hypothetical role of BAT in the development of obesity in humans. First, it is clear that in some circumstances, not having functional BAT is not an impediment to burning off excess intake (i.e., the UCP-1 KO mice at 20
• C). Indeed, this is potentially also the case in the fruit bats that burn off excess intake by activity. It is unclear then why humans could not also burn off excess intake by other methods-for example, physical activity, shivering thermogenesis, or nonshivering thermogenesis mediated by some mechanism not requiring UCP-1 or BAT [such as muscle nonshivering thermogenesis mediated via sarcolipin (6; for arguments suggesting nonshivering www.annualreviews.org • Evolutionary Perspectives on the Obesity Epidemicthermogenesis independent of UCP-1 is not significant, see 68 and 69) ]. An additional complication is that the limiting nutrient that drives overconsumption is not known, but a recent paper suggests protein is a good candidate (83a).
A second major problem with this idea is that the genes identified so far from the GWAS that are significantly linked to obesity (129, 133, 174, 200, 203) do not appear to be associated with BAT function, with UCP-1, or with energy expenditure in general ( Table 1 ) but instead appear mostly of unknown function, linked to development or expressed in the brain and linked to individual variations in food intake (e.g., the gene FTO; 28, 41, 170) . This lack of a link to the genetics does not mean that variations in BAT do not play a role in the development of obesity. Perhaps individual variation in BAT function is not driven genetically but is environmentally responsive to the thermoregulatory demands placed on individuals. This would be an interesting scenario because it would suggest that BAT capacity could perhaps be trained by periodic cold exposure. Individuals with such enhanced BAT activity might then be more able to burn off excess energy consumption. However, while this retains a potential role for variations in BAT activity in the etiology of obesity, the absence of a link to the genetics suggests that evolutionary variability in thermoregulatory requirements probably did not drive individual variations in BAT thermogenic capacity (but see 181 for a perspective on the evolution of human thermogenic capacity relative to the great apes). Moreover, even a role via environmentally mediated variations in BAT activity in the development of obesity is called into question by the observation that individual variation in energy expenditure is not well correlated with subsequent individual variability in weight gain (111) . This indicates that the individual differences in energy demand that are suggested to be caused by variability in BAT function probably do not predispose or protect from obesity development.
Finally, there are other cogent explanations for why there is an association between BAT depot size and obesity (38, 190) , and these relate to the primary function of BAT in thermoregulation. It is well known that adipose tissue acts as an insulator and that thermoregulatory demands in the obese are reduced because of a downward shift in the thermoneutral zone (89) . In fact, severely obese people may be under heat stress because of their reduced capacity to dissipate heat at ambient temperatures, where lean people are in the thermoneutral zone. In these circumstances, the requirement for thermoregulatory heat production would be reduced, and hence it is potentially the case that the association between BAT activity and adiposity comes about because obesity reduces the need for BAT and not because variation in BAT causes variation in the capacity to burn off excess intake. This could be answered only by performing a longitudinal study in which individuals who differed in their BAT depot sizes and activity were followed to see if those with lower activity were more susceptible to obesity development. Such a study has yet to be published.
THE NEUTRAL VIEWPOINT
Between the 1950s and 1970s it was common to invoke evolutionary adaptation to explain any type of biological variation. Dobzhansky (42) famously said that "nothing in biology makes sense except in the light of evolution." This was an open invitation to interpret all biological phenomena as resulting from the process of natural selection. Everything, it seemed, could be interpreted as having an adaptive cause. It is not surprising that in this academic environment, Neel (125) came up with the thrifty gene hypothesis for the evolution of obesity. Among evolutionary biologists, the era of adaptive storytelling, however, was ushered to an end with the influential "Spandrels of San Marco" paper by Gould & Lewontin (71) and the increasing recognition that constraints due to phyletic heritage, founder effects, neutral mutations, and genetic drift are common causes of variation between individuals in a population. Two factors probably explain why adaptive stories still abound in the medical field (including the study of obesity). First, medical scientists are seldom trained in modern evolutionary biology (191) and thus are unaware of "recent" developments. Second, there was strong drive in the 1990s, led by the evolutionary biologist George Williams and a medic, Randolph Nesse, to promote the idea of natural selection and adaptation as the dominant forces at work in evolutionary medicine at the expense of other evolutionary processes (126, 204) . In contrast, in mainstream evolutionary biology adaptive interpretations without supportive evidence are much frowned upon and have become regarded somewhat like the Just So Stories of Rudyard Kipling-How the Camel Got His Hump, How the Rhinoceros Got His Skin, etc. (90) . Is the thrifty gene hypothesis another one in the just-so series "How the Human Got His Fat"? This is not to say that natural selection is no longer a force in humans-the evolution of the lactase gene is a spectacular example of selective advantage leading to rapid human evolution (14) . Rather, we should be cautious not to interpret everything through the single lens of adaptation by natural selection when other candidate evolutionary processes are also feasible.
Evolutionary medicine is rapidly catching on to this idea, and there is an increasing recognition that these other "nonadaptive" evolutionary processes may be critical to our understanding of the evolutionary background to many human diseases (44, 144, 188, 212) including obesity. The drifty gene hypothesis is an example of a nonadaptive explanation for the evolutionary context of the modern obesity epidemic (158) (159) (160) (161) (162) . This hypothesis takes as its starting point the fact that many wild animals are able to accurately regulate their body weight. Several models are available to understand this regulation (168) , but one particularly useful idea is the suggestion that body weight is perhaps bounded by upper and lower limits or intervention points (78, 103, 161) , sometimes called the dual intervention point model (168) (Figure 4) . If an individual decreases in body weight below the lower limit, the individual will intervene physiologically to increase weight, and if body weight increases above the upper limit, the individual will intervene phys- The dual intervention point model. In this model it is assumed that there are two intervention or control points that regulate body weight or fatness. The upper point is defined by the risk of predation and the lower point by the risk of starvation. If the body weight is between these limits (A), there is little physiological control over it. Hence the body weight may drift, pushed or pulled by whatever environmental forces might be important. However, if the body weight hits the lower intervention point (B), strong physiological regulatory forces come into play and stop the body weight from falling any lower. Similarly, if the weight rises to the upper intervention point, other counterregulatory measures come into play to prevent further increases (C). The advantage of this model over the traditional set-point model is that between the upper and lower intervention points it assumes that weight is unregulated. It is in this area between the intervention points that the numerous environmental factors have space to exert their effects.
iologically to decrease weight. In this way body weight is kept relatively constant in the face of environmental perturbations, like high-fat feeding, etc. It is suggested that different evolutionary pressures select for these upper and lower limits: the lower limit by the risk of starvation and the upper limit by the risk of predation. It is generally presumed that these intervention points are somehow coded in the brain.
Considerable research suggests that this fundamental balance of the risk of starvation keeping body mass up (i.e., setting the lower intervention point) and the risk of predation keeping body mass down (i.e., setting the upper intervention point) is a key component of body mass regulation in birds (2, 20, 35-37, 63, 66, 70, 98, 189, 211) , small mammals (8, 26, 27, 127, 179, 207) , and larger animals such as cetaceans (113) . The starvation-predation trade-off has become a generalized framework for understanding the regulation of adiposity between and within species (79, 83, 106, 205) , and laboratory studies are now starting to probe the metabolic basis of the effects of stochastic food supply and predation risk on body weight regulation (184, 209) . The drifty gene hypothesis suggests that early hominins probably also had such a regulation system governed by the same factors. During the early period of human evolution between 6 and 2 mya (Pliocene era), large predatory animals were far more abundant than they are today (74) . Our ancestors (Paranthropines and Australopithecines) were also considerably smaller than modern humans (11) , making them potential prey to a wide range of predators. Six to ten percent of fossil bones of early hominids (Austalopithecus afarensis) show signs of predation (74) . Most bones of other Australopithecines come from ancient hyena kills (175) or in assemblages that reflect predator activity (134) , consistent with the idea that early hominids suffered high predation risks (18) . Even the holotype of Australopithecus afarensis has been suggested to be the victim of a crowned eagle kill (13) . At this stage of our evolution it seems most likely that upper and lower intervention points evolved to be relatively close together, and the early hominids probably had close control over their body weights, like modern-day wild animals.
Several major events happened in our evolutionary history around 2.5 to 2.0 mya. The first was the evolution of social behavior. This would have allowed several individuals to band together to enhance their ability to detect predators and protect each other from their attacks. In a similar manner, some modern primates (for example, vervet monkeys) have evolved complex signaling systems to warn other members of their social groups about the approach of potential predators (7, 32) . This alone may have been sufficient to dramatically reduce predation risk. A second important factor was the discovery of fire (135) and the use of tools that could serve as weapons. Australopithecine bones found in caves do not have tools or other artefacts associated with them. It seems tool use probably evolved with Homo habilis around 2.5 to 2 mya (175). Together, fire and weapons would have been very powerful mechanisms for our ancestors to protect themselves against predation, and social structures would have greatly augmented these capacities by enabling more rapid predator detection and effective group protection systems. Modern nonhominid apes [e.g., chimpanzees (Pan troglodytes)] also use weapons such as sticks to protect themselves against predators such as large snakes, and it has been concluded that bands of early hominids with even quite primitive tools could easily succeed in defending themselves in confrontations with potential predators (187) .
The consequence was that the predation pressure that maintained the upper intervention point effectively disappeared. It has been suggested that because there was no selective pressure causing this intervention point to change, the genes that defined it were then subject to mutation and random drift (161)-hence the drifty gene hypothesis, in contrast with the thrifty gene hypothesis (162) . Genetic drift is a process that is favored by low effective population size. It has been suggested that early Homo species had a small effective population size (around 10,000 despite a census population of around 1 million) (48, 72) ; this size would create an environment where drift effects could be common. Mutations and drift for 2 million years would generate the necessary genetic architecture, but this is not sufficient to create an obesity epidemic. After all, by this model virtually the same genetic architecture would also have been present 20,000 years ago (after 1.98 million years of mutation and drift compared to 2 million years today). Why did the obesity epidemic not happen then? I suggest that two separate factors of importance have restricted the potential for people to achieve their drifted upper intervention points-the level of food supply and the social distribution of it. Before the Neolithic period, the most critical factor was probably the level of attainable food supply. Paleolithic individuals probably could not increase their body masses sufficiently to reach their drifted upper intervention points simply because there was insufficient food available for them to do so. At this stage, like most wild animals, each individual or small group would be foraging entirely for their own needs. Things changed in the Neolithic era with the advent of agriculture. Subsistence agriculture is not much different from hunter-gathering, in that individuals grow and harvest food for themselves and/or a small (family) group. As yields from agricultural practice improved, however, the numbers of people needed to grow and harvest food as a percentage of the total population declined. It was at this stage that more complex human societies emerged (40) .
These societies are only feasible because it is possible for a subset of individuals to grow and harvest food to sustain a greater number of individuals. This wider group of individuals then becomes engaged in tasks and activities that would not be feasible if they spent all of their time growing and harvesting food for themselves. This includes engaging in timeconsuming activities such as leisure, organized religion, sport, politics, the arts, and wars; participating in building projects with stone and in making pottery, ironware, and bronzeware, which all require a high-temperature kiln; and mining ores. These activities are possible only when yields from crops are high enough to release some individuals from crop raising, and when the control of the food supply is centralized so that food produced by one section of society can be distributed to those who are not involved in its production. This effectively requires monetary and class systems, most of which have their origins in the shadow of Neolithic agricultural development. This central control of the food supply is important because people can attain their drifted upper intervention points only if there is an adequate supply of food for them to do so.
In the Paleolithic era, most people could not get access to these resources because there were insufficient resources available to them. After the Neolithic period, most people could not get access to unlimited food supplies either because of the central societal regulation of access to food. Because most people would occupy the space between their upper and lower intervention points, they would not feel any particular physiological drive to seek out such food until they fell below their lower intervention points, which probably occurred only during the rare periods of famine (see above). This pattern of access leads to class-related variation in body weights. In the lower classes, where food supply is restricted, people do not move to their upper intervention points, whereas in higher levels of society access to food is effectively unlimited, and in these groups attainment of the drifted upper intervention point becomes possible. Consequently, at this stage obesity is restricted to the wealthy and powerful. Not all wealthy and powerful people become obese (only those with the genetic predisposition to do so-i.e., with high drifted upper intervention points), but none of the poorer classes do. Reports of some people being obese date from at least as far back as early Greek times. In the fifth century BC, Hippocrates suggested some potential cures for obesity (143) . This raises two important points. First, there would be no need for a cure for obesity if nobody suffered from it or its prevalence was so rare that it was not worth bothering with. Second, even at this stage obesity was not seen as something advantageous or desirable but rather something to be cured. This attitude provides additional evidence against the famine-driven thrifty gene hypothesis since obesity, at the time when famines were still supposed to be a major selective pressure, should have been viewed as advantageous.
Estimates by agricultural historians of the levels of food production back to the 1700s support the contention that most people were under socially restricted food supplies that prevented them attaining their drifted upper intervention points. In the late 1700s, for example, per-capita average intake of energy was estimated to be 2,060 kcal (8.6 MJ) in Britain, and in France it was 1,900 kcal (7.9 MJ). Moreover, it is estimated that 70% of the population of Britain and 90% of the population of France www.annualreviews.org • Evolutionary Perspectives on the Obesity Epidemicwere consuming less than 12 MJ each day. If only 10% of the population had free access to unlimited energy supplies, then only people in this proportion of the population would be expected to attain their drifted upper intervention points. Obesity prevalence would be expected to be less than 3%, which was the prevalence of obesity in the United States in 1890.
It seems that the social conditions concerning food supplies started to change in Western societies after the First World War, during the 1920s. This period saw a wave of obesity in Western societies (43) , but these trends were largely reversed when the Western world went back to war in the 1940s. The modern obesity epidemic reflects a second wave of obesity, as free access to nutritional resources again became widespread across all social levels, and the whole of Western society started to again attain its drifted upper intervention points. It has been frequently noted that increases in obesity in other societies coincide with the economic transition of societies from being largely rural to largely urban. Explanations for this trend have generally concerned alterations in levels of physical activity and increased access to food resources. The current model is completely consistent with these interpretations because it suggests that only following such economic transitions are individuals able to achieve their drifted upper intervention points.
The results of GWAS provide some support for the dual intervention point model. First, the F ST values for the GWAS targets indicate that the genes causing obesity have not been under strong selection, as is required by the drift model (157) . This absence of selection is reinforced by the absence of any link between prevalence and effect size among these genes (173) . Finally, the genes that have been identified appear to include a large proportion of centrally acting genes that are related to appetite and food intake (e.g., 64) ( Table 1) as opposed to, for example, peripheral acting genes that affect capacity to deposit or metabolize fat or genes linked to the ability to burn off excess consumption. It is entirely conceivable that the centrally acting genes that have been identified to date somehow define the upper intervention point. Overall, this model provides a nonadaptive explanation for why some people get obese but others do not.
CONCLUSION
The evolutionary background of the obesity epidemic is complex. Several different models have been advanced. The three main alternatives suggest that (a) obesity was historically advantageous and positively selected, (b) that it occurs only as a by-product of selection on some other adaptive trait (like BAT thermogenesis), or (c) that it is a result of neutral processes such as genetic drift. Because these models are based on fundamentally different premises, they are mutually incompatible explanations. It is not possible, for example, for a gene linked to obesity to be both drifting due to genetic drift yet also under strong selection. The evidence on which these different models have been advanced is drawn from a wide range of different sources, including genetic, physiological, ecological, clinical, demographic, anthropological, archeological, and behavioral data. Despite (or perhaps because of ) this wide range of information that is used to provide arguments and counterarguments for different viewpoints, there is currently no consensus on which model best explains the evolutionary context of the obesity epidemic. At present the balance of evidence presented in this review seems to make the thrifty gene idea untenable. Modern genetic techniques allow a direct estimate of whether or not particular genes have been under recent strong selection by exploring the linkage disequilibrium patterns adjacent to target polymorphisms. Since we now know 37 SNPs that are associated with obesity ( Table 1) , and we have increasing numbers of individuals who have been genotyped using SNP chips, the next big advance in these discussions is likely to come from the use of these methods to establish if there has been any recent strong selection on these SNPs. If the genes predisposing to obesity have been under recent strong selection, this would disprove the drift hypothesis and provide strong support for the thrifty gene idea. Conversely, if these genes have not been under strong selection, this would be incompatible with the thrifty gene hypothesis. The year 2012 marked the fiftieth anniversary of Neel's (1962) seminal paper on the thrifty gene hypothesis. Perhaps we will not have to wait much longer for a definitive answer as to whether it is correct or whether more recent suggestions based on maladaptive correlations or genetic drift provide more cogent explanations of this complex problem.
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